INTRODUCTION
Phosphorus is an essential macronutrient and one that most limits the productivity of maize in Brazil (MACHADO; MACHADO; FURLANI, 2004) . Additionally, its high ability for binding to the soil through mechanisms of adsorption and precipitation, reduces the availability of this nutrient to the plants, making it an expensive raw material in maize production. Moreover global reserves of P which are being exploited at values of USD 40.00 a tonne, should be exhausted by the second half of the century (MURRELL; FIXEN, 2006) , indicating that research aiming to develop genotypes that are more efficient in the use of this nutrient will become increasingly more important in the coming years.
Efficient use of phosphorus (PUE) has been defined as the ratio between grain production per unit of nutrient available to the plant. The two components of PUE considered in recent studies are: (i) acquisition efficiency (PAE), defined as the ability of a genotype to absorb phosphorus from the soil, and (ii) utilization efficiency (PUtE), the ability to produce grain or dry mass per quantity of phosphorus absorbed (PARENTONI; SOUZA JUNIOR, 2008). Thus greater values for the PUE can be obtained by increasing the PAE and, or PUtE. Studies indicate that the importance of the PUE components varies according to the availability of phosphorus in the soil (WHANG; SHEN; LIAO, 2010). For Manske et al. (2001) , when the availability of this nutrient is limited, the most important component of PUE is the PAE. On the other hand, under ideal conditions the PUtE proved to be the most relevant (BALEMI; SCHENK, 2009). However, Corrales et al. (2007) observed that in maize the most important component is the PAE, regardless of the availability of phosphorus. Because of this it should be noted that there is a lack of consistent information for targeting improvement programs under conditions of stress caused by low availability of the nutrient in question.
Knowledge of this information, as well as of genetic inheritance under contrasting conditions of phosphorus availability, is fundamental when guiding the breeder as to the most appropriate method of improvement to be used (YUN; KAEPPLER, 2001) . Thus genetic parameters, such as general (GCA) and specific (SCA) combining ability, are very important in making inferences about genetic control of a characteristic and about the possibilities for improvement, as well as for the indication of new cultivars (BETRÁN et al., 2003) .
The validation of methods for early assessment or indirect selection of plants is also of great interest in improvement programs for conditions of abiotic stress, as they accelerate the selection process, immediately allowing discarding of the less promising genotypes (MACHADO, MACHADO; FURLANI, 2004) . For this, knowledge of the relationship between characteristics is necessary, especially if those of interest display low heritability, or present problems of measurement (FALCONER, 1981) . To this effect, characteristics such as shoot dry mass (SDM) and the lengths of roots can be measured at any stage of development, quickly and at low cost. However, the influence of these characteristics on the PUE is still little known.
In this context, the objective was to identify: i) the relative importance of the components of PUE for high and low phosphorus availability in the soil; ii) the relation of the root and shoot dry mass to PUE and its components; and iii) the genetic control of those characteristics associated with PUE.
MATERIAL AND METHODS
Two groups of parents were used, taken from the germplasm bank of the Programa Milho of the Federal University of Viçosa -UFV. Group I (GI) -composed of seven parents (p = 1, 2, ..., 7) contrasting in phosphorus use efficiency (PUE), Group II (GII) -composed of seven parents (p' = 1' , 2 ', ..., 7') contrasting in nitrogen use efficiency (NUE). Through the introduction of an unbalanced inter-populational factorial involving the two groups of parents, we obtained 41 experimental hybrids. Crossbreeding was performed reciprocally, seeds of the same combination being mixed, thereby excluding any extra-chromosomal inheritance.
The 41 hybrid combinations were evaluated in two environments that represented contrasting P availability: low (LP) and high (HP). A randomized block design was used, with two replications in a simple factorial scheme (hybrid combination against P availability). The experiment was carried out in the agricultural year of 2010/11, in a greenhouse located at the Professor Diogo Alves de Mello Experimental Campus of the Department of Plant Science at UFV (20º45'14" S, 42º52'53" W).
The seeds were germinated in trays with individual cells, and after emergence one seedling from each hybrid combination was transplanted into a PVC cylindrical vase of 4 dm 3 (10 cm diameter x 50 cm high), in that way making up a plot. The substrate was prepared from a mixture of 50% sand washed in de-ionized water, 37.5% vermiculite and 12.5% soil (horizon 'B' of a dystrophic red-yellow latossol). The soil was used to adsorb the phosphorus and not leave it readily available to the plant.
The nutrient solution was supplied every two days from the seventh day after emergence of the seedlings. The P was supplied via triple superphosphate fertilizer. For LP, 34 mg dm -3 of P was added to the substrate, and for HP, 192 mg dm -3 P was added, as per Alvarez V. et al. (2000) . The remaining nutrients were supplied via nutrient solution, without the addition of P, and containing: 1.0M Ca (NO 3 ) 2 Bouma, Nielsen and Koutstaal (2000) . The ten classes of diameter provided by the software were simplified into two, following the methodology proposed by Trachsel et al. (2009) . For lateral-root length (LRL) therefore, fragments with a diameter of less than or equal to 0.5 mm were taken into account, and for the axial-root length (ARL), fragments with a diameter greater than 0.5 mm.
To quantify the P content, a 0.1g sample was taken from the shoot dry mass (SDM) for each plant, and nitropercloric digestion carried out as suggested by Malavolta, Vitti and Oliveira (1989) . Readings were taken with a spectrophotometer at 725 nm. The P content was estimated from the levels present, and then extrapolated for each unit of SDM, and from that the phosphorus use efficiency was calculated with its components, the P acquisition efficiency (PAE) and P utilization efficiency (PUtE), as proposed by Moll, Kamprath and Jackson (1982) :
In mixed-model analysis, the model effects are not tested by the F-test, as is done in the varianceanalysis method. In that case, the likelihood ratio test (LRT) is recommended for any random effects in which a framework similar to that for variance analysis is elaborated, referred to as Deviance Analysis (ANADEV), and established through the following steps (FRITSCHE-NETO, 2011): i) obtain the point of maximum for the logarithm of the residual-likelihood function (Log L) for models with and without the effect being tested; ii) obtain the deviance D = -2 Log L for models with and without the effect to be tested; iii) obtain the difference between deviances for models with and without the effect being tested, getting the likelihood ratio (LR); iv) testing the significance of this difference by LRT, using the chisquare with 1 degree of freedom, these estimates tending to have this type of distribution.
To obtain the variance components and estimates of the genetic parameters, the data were submitted to analysis by the Restricted Maximum Likelihood/Best linear unbiased prediction (REML/BLUP) method, as described by Resende (2002) . Initially individual analyses are made for every availability of P using the following model:
where: y is the vector of the phenotypic averages of the hybrid combinations; r is the vector of the repetition effects (assumed to be fixed) added to the overall mean; m is the vector of the effects of the genitors of Group II (assumed to be random), in which m~N (0,M), being M=I m ; f is the vector of the effects of genitors from Group I (assumed to be random), where f~N(0,F), being F=I f ; c is the vector of the effects of the specific combining ability of Group I with II (assumed to be random), where c~N(0,C), being C=I c ; and e the error vector, where, e~N(0,R) and R= I e . X, Z W e T are incidence matrices which display the effects of r, m, f, and c on the y vector respectively. Subsequently the joint analyses were performed for the two availabilities of P, using the simplified model:
where: y is the vector of the phenotypic means of the hybrid combinations; r is the vector of the repetition effects within the availabilities of P (assumed to be fixed), added to the overall mean; g is the vector of genotypic effects (assumed to be random), where g~N(0,G), and where G=I g ; i i s t h e v e c t o r o f the interaction between hybrid combination and availability of P (assumed to be random), where i~N(0,I ga ), and where I ga = I ga ; and e the error vector, where e~N(0,R) and R=I e . X, W and Z are incidence matrices which display the effects of r, g, and i on the y vector respectively.
The mixed-model equations for the prediction of r, g e i are equal to: (7) where and , being the broad sense h 2 i the coefficient of determination of the interaction between hybrid combination and availability of P.
To solve the mixed-model equations and obtain the genetic values, the genetic and non-genetic components of variance were assumed to be unknown. These were estimated by the REML method, using the SELEGEM-REML/BLUP statistical package software (RESENDE, 2007) .
With a view to obtaining the relation between the responses of the hybrid combinations under low and high P availability (r HP x LP ), the correlation between the rankings of these combinations was estimated, taking into consideration the performance of the same characteristic at both availabilities of P. For this, we used the Spearman correlation coefficient of rank ( ), expression (8) is the difference between the ranking of each corresponding value at LP and HP, and n the number of pairs of values.
RESULTS AND DISCUSSION
Under low phosphorus availability, the genitors of GI showed significant differences for the effect of general combining ability (GCC) as well as for the efficiencies of the acquisition and utilization of phosphorus (Table 1) . However, the genitors of GII differed for the CGA effect only in root length. These results were expected, as they had been identified in a preliminary experiment, genitors with contrasting PUE and components making up GI, and genitors with contrasting EUN making up GII, proving that the identification of these genitors was efficient. These differences indicate the existence of additive genetic variability, and that the genitors contribute in different ways to the transmission of alleles that control the expression of PUE components. Under high phosphorus availability, no significant differences were identified between the genitors of GI and GII for the GCA effect as regards the evaluated traits.
As regards the effects of specific combining ability (SCA), at both availabilities of phosphorus, significant differences for most of the studied traits were observed, among them the efficient use of phosphorus. This shows that regardless of the availability of this nutrient, the hybrid combinations showed significant deviations from the average behavior of the genitors. Additionally great differences were found between the estimates of broad and narrow sense heritability, especially under high phosphorus availability. Thus it can be seen that the genotypic variance is mainly explained by the variance of dominance deviations, evidenced by high values of the ratio d / a . This demonstrates that the non-additive effects have greater importance for the PUE, as reported by Chen et al. (2009) using QTLs in maize. Therefore, regardless of phosphorus availability, larger genetic gains should be obtained through the use of inter-population improvement strategies (FREITAS JÚNIOR et al., 2006) .
For most traits, average estimates and heritability were generally lower under low phosphorus availability. According to Coque and Gallais (2006) , under conditions of abiotic stress genetic variability is reduced and consequently heritability, as the genotypes tend to present a similar performance, thereby hindering selection. The exceptions were for acquisition efficiency and both utilization efficiency and usage of phosphorus efficiency. This is because these last two traits are measured as a function of shoot dry mass, which was not reduced in proportion to the availability of phosphorus. While the concentration of this nutrient was reduced by almost six times, the average production of shoot dry mass was reduced by half. Both of the availabilities of phosphorus were contrasting enough to differentiate between the performance of the hybrid combinations as regards most of the traits, except for root length (Table 2) .
It was found that the effect of hybrid combinations produced a significant difference in the traits of shoot dry mass and the efficiencies of the acquisition and of the utilization of phosphorus. The genetic variance detected in the joint analysis corresponds to the average variance detected in all the environments evaluated, except for the Table 2 -Estimates of F values calculated for the effect of phosphorus availability and the likelihood ratio test (LRT), for the effects of hybrid combination, and the interaction of hybrid combination and phosphorus availability from the joint deviance analyses. Estimates of broad-sense heritability (h 2 g
),correlations between hybrid performance under the availabilities of phosphorus (r HP x LP ), means and coefficients of variation (CV) of the shoot dry mass (SDM) in grams, length of lateral (LR L AT ) and axial (LR AXI ) roots in metres, acquisition efficiencies (PAE), utilization efficiencies (PUtE) and use of phosphorus efficiencies (PUE) Valores obtidos pelo teste da razão de verossimilhança (Likelihood Ratio Test -LRT). Significant at ***P = 0.01, **P = 0.05, *P = 0.10 and ns not significant by the 2 test with one degree of freedom interaction between genotype and environment. For this reason, when working with contrasting environments it is common for the genetic variability seen in each environment, such as those found for lateral and axial root lengths, and for the acquisition efficiency, to be "swallowed up" by their respective interactions in the joint analysis. However, the hybrids responded differently when subjected to conditions of low and high phosphorus availability, as evidenced by the significant effects of the interaction between hybrid combination and phosphorus availability (HC x P), with the exception of usage efficiency. This shows that selection J. C. DoVale e R. Fritsche-Neto should be performed for specific environments and not according to average behavior, because the alleles that control the expression of a particular characteristic when the nutritional supply is low are at least in part different to those alleles which control that same characteristic under ideal supply conditions (SOUZA et al., 2009) . However, the correlation between the performance of hybrid combinations under high and low phosphorus availability (r HP x LP ), presented estimates of medium to high magnitude for most traits evaluated, except for utilization efficiency. This is indicative of a simple interaction (RESENDE, 2002) , as it reflected the consistency of genotype superiority even when the availability of P changed, i.e. those hybrid combinations with a superior performance under low phosphorus supply were also the best when the supply was high Thus maize hybrids can be evaluated in a single environment (of either low or high availability) and the decisions taken for that environment will be the same for other environments (FALCONER, 1981) . In this way resources, time and labour could be saved.
The coefficients of variation for both the individual and joint deviance analyses were relatively high for some traits. They are however in the range observed in other studies of this nature, i.e. of abiotic stress (CIARELLI et al., 1998; FRITSCHE-NETO et al., 2010) , indicating good experimental precision and high reliability of the estimates.
Most of the estimates of genetic correlation (r g ) presented coefficients of medium to high magnitude regardless of the availability of P (Table 3) . The estimates for the correlation between shoot dry mass and lateral and axial root length indicate that increases in mass in the upper portion of the plant can bring about an increase in the root system. Consequently, greater root lengths should cause increases in acquisition efficiency, both under low and high phosphorus availability.
The positive and significant correlations detected between root length and both availabilities of phosphorus, Significant at **P = 0.01, *P = 0.05, and ns not significant by the t-test demonstrate the existence of a hierarchical dependency between them, that is, as an increase occurs in the length of the axial matrices, more points of emergence of the lateral roots appear. Thus larger uptake zones are created, which assists in the acquisition of phosphorus.
Significant negative correlation between the efficiency of phosphorus acquisition and utilization were seen under both the availabilities of this nutrient. In the initial stages maize plants probably absorb more nutrients than they use. During development the importance of the usage component, rather than that of acquisition, is increased. Thus both in the initial and more advanced stages, the components of nutrient usage efficiency do not show proportionality. Under low availability, the effects of GCA for both components were significant, however not enough for the effect of PUE to be significant too (Table 1) . Whang, Shen and Liao (2010) reported that it was not possible to obtain an increase in both components under any given condition of phosphorus availability. According to these authors, the genetic variability detected for PUE under low availability was due to the acquisition efficiency, with the effect of usage efficiency being ignored. Panigrahy, Rao, Sarla (2009) observed a similar effect in rice; Manske, et al. (2001) in wheat, and Zhao et al. (2004) in the soybean. On the other hand, under high phosphorus availability usage efficiency appears to be the main component of EUP (WHANG; SHEN; LIAO, 2010) , and thus increases for that characteristic should be achieved by an increase in the other. Balemi and Schenk (2009) observed the same in the potato. However the results of this work are in full agreement with those obtained by Corrales et al. (2007) and Parentoni and Souza Júnior (2008) , where they observed that the acquisition efficiency was the most important component of PUE regardless of the availability of phosphorus. This fact is evidenced in this study by the positive and high magnitude correlations (0.91 under low phosphorus availability and 0.92 under high) between acquisition efficiency and PUE.
Another result which highlights the greater importance of acquisition efficiency for PUE in maize is the existence of significant negative correlation between usage efficiency and PUE under low phosphorus availability, as well as the lack of correlation between the two under high availability. Under the latter in particular, the lack of relationship between these characteristics is indicative of a reduction in allelic diversity regarding the use of this nutrient, since modern cultivars are almost entirely selected for their responsiveness when under high nutritient availability.
Despite positive and significant correlation between root length and PUE having been seen, it's probably not possible to select more efficient genotypes based on these root traits. Fritsche-Neto et al. (2010) and Pereira (2011) found that the high correlation between the traits mentioned above is due to the high indirect effect by way of shoot dry mass, whether under ideal conditions of phosphorus availability or under stress caused by the low supply of this nutrient. For these authors, traits such as shoot mass and acquisition efficiency can provide greater impact in terms of genetic gain. Based on this information, there having been found positive linear correlation between shoot dry mass and PUE under both conditions of P availability, and also having found that PAE was the most important component in explaining the differences in PUE under both availabilities of phosphorus, only estimates of Those parent plants with high, positive values for the effects of GCA usually have higher averages for the crossings in which they are involved than the overall average of the hybrid combinations. Therefore, those genitors are the main contributors to the increase in the expression of the characteristic, while those with high, negative values contribute to a reduction. To this effect, it was observed that generally the GI genitors contributed more significantly to the expression of shoot dry mass and to both phosphorous usage and acquisition efficiencies regardless of the availability of phosphorus (Table 4) .
For the GI genitors, under high phosphorus availability it was noted that the estimates of GCA for efficient acquisition did not differ significantly from zero, as mentioned above. Thus it can be seen that the genitors of this group should contribute little to an increase in acquisition, and that the genitors of GII, such as 3' and 7', should reduce it. Nevertheless, it was found that certain hybrid combinations, such as 4x2' and 6x4' stood out at low availability, and 4x1', 6x2', 6x3', 4x2' and 6x5' at high availability (Table 5) . It was therefore noted that genitors 4 and 6, identified as having the highest GCA at low phosphorus availability, contributed most to the increase in PAE at both the availabilities of this nutrient. 
